We study lasing in two gold nanorod arrays, one exhibiting hyperbolic dispersion while the other is elliptic at the emission wavelength of Rhodamine 101. Results show the hyperbolic metamaterial provides stronger emission with reduced threshold.
Introduction
Since its invention in 1960, the laser has seen tremendous developments and has quickly revolutionized various fundamental and applied fields such as metrology, medicine, data storage and telecommunications [1] . With the ever growing need for data transfer speeds and compact devices, several efforts have been made in miniaturizing the laser for on-chip integration. While photonic cavities have proven to exhibit high-Q factors enabling strong lasing, miniaturization of cavities to the nanoscale is not a viable method since the diffraction limit requires the cavity length to be at least half the lasing wavelength [2] . The development of plasmonic lasers, which can achieve optical amplification and laser action with charge oscillations, has successfully led to the design of coherent photon sources no longer limited by the diffraction limit [3] . Coupling of quantum emitters with the strongly confined electromagnetic fields associated with plasmonic oscillations can significantly enhance spontaneous emission in some modes; a process known as the Purcell effect [4] . This yields a redistribution of spontaneous emission over phase space, with light preferentially coupled to the lasing mode, while being inhibited in other modes [5] .
Several plasmonic lasers have already been demonstrated using various geometries, such as metal-insulator-metal waveguides, whispering gallery cavities, core-shell particles, nanohole/particle arrays, and semiconductor-dielectricmetal nanowire hybrid cavities among others [6] . While these methods have all used geometries with strong resonances to enhance spontaneous emission and hence lasing, non-resonant methods for enhancing spontaneous emission, such as hyperbolic metamaterials, have been relatively unexplored for lasing action.
Hyperbolic metamaterials (HMMs) are a special class of highly anisotropic metamaterials with dielectric permittivities of opposite signs in different tensor directions, hence exhibiting hyperbolic dispersion [7] . Such anisotropic permittivities can be achieved in the optical range using either metal-dielectric stacks, or with aligned nanowire arrays. HMMs exhibit profound Purcell effects due to the singularity in their local photonic density of states (LDOS), thus one can anticipate enhanced lasing actions with HMMs as cavities given that the enhanced spontaneous emission is preferentially coupled to the lasing mode. While enhancement of spontaneous emission of quantum emitters such as dyes and nitrogen-vacancy centers using HMMs has been studied extensively, optical amplification and lasing action in such metamaterials is yet to be explored and understood.
Experimental and Simulation Results
Here, we study lasing action in gold nanorod arrays coated with a thin film of optical gain medium composed of Rhodamine 101 doped polyvinyl alcohol (PVA), which has an emission spectrum centered around 610 nm. We fabricate two gold nanorod arrays -one which exhibits hyperbolic dispersion (labeled HMM), and another which A solution of 30 mM sodium hydroxide is used to remove the alumina barrier layer as well as widen the pores, after which gold nanowires are grown by electrochemical deposition. This procedure yields an HMM with a ~28% fill ratio and an EMM with ~14% fill ratio, yielding the different dispersion characteristics. SEM images of the electrodeposited nanowires are shown in Figure 1a and 1b. The crossover point of the longitudinal permittivity for both samples can be identified from the extinction spectra shown in Figure 1c . The HMM has a crossover at 530 nm, while the EMM has a crossover at 700 nm, which can be understood from the peaks in extinction at 40q incidence. The dotted red line indicates the central emission wavelength of Rhodamine 101.
The nanorod arrays are coated with a 2 Pm-thick 10 mM Rhodamine 101-doped PVA film. We pump the samples with a 532 nm, 400 picosecond, 1 Hz laser source at 40q incidence. The emission was collected with a fiber normal to the sample surface. The results from these measurements are shown in Figure 2 .
The results show that the HMM clearly gives stronger lasing emission and lower threshold than the EMM sample. At a pump energy of 5.5 PJ, the emission intensity of HMM is ~2.5 times that of EMM. From the pump-dependent emission peak intensity (Figure 2c,d) , the threshold of the HMM is determined to be ~3.2μJ, lower than that of EMM (~4 PJ). We attribute this enhancement from the HMM to both the larger Purcell factor (confirmed by simulations), which couples spontaneous emission into the lasing mode, as well as stronger feedback due to the nonlocal optical waves in the nanowire medium with hyperbolic dispersion [8] . This enhancement could be more profound by embedding the dyes directly in the matrix of the nanorods. Furthermore, since the HMM achieves Purcell enhancement via non-resonant means and is broadband, it could serve as a platform to achieve broadband coherent photon sources.
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